In response to limited nutrients, fungal cells exit the primary growth phase, enter the stationary phase, and cease proliferation. Although fundamental to microbial physiology in many environments, the regulation of this transition is poorly understood but likely involves many transcriptional regulators. These may include the sirtuins, which deacetylate acetyllysine residues of histones and epigenetically regulate global transcription. Therefore, we investigated the role of a nuclear sirtuin, sirtuin E (SirE), from the ascomycete fungus Aspergillus nidulans. An A. nidulans strain with a disrupted sirE gene (SirE⌬) accumulated more acetylated histone H3 during the stationary growth phase when sirE was expressed at increased levels in the wild type. SirE⌬ exhibited decreased mycelial autolysis, conidiophore development, sterigmatocystin biosynthesis, and production of extracellular hydrolases. Moreover, the transcription of the genes involved in these processes was also decreased, indicating that SirE is a histone deacetylase that up-regulates these activities in the stationary growth phase. Transcriptome analyses indicated that SirE repressed primary carbon and nitrogen metabolism and cell-wall synthesis. Chromatin immunoprecipitation demonstrated that SirE deacetylates acetylated Lys-9 residues in histone H3 at the gene promoters of ␣-1,3-glucan synthase (agsB), glycolytic phosphofructokinase (pfkA), and glyceraldehyde 3-phosphate (gpdA), indicating that SirE represses the expression of these primary metabolic genes. In summary, these results indicate that SirE facilitates the metabolic transition from the primary growth phase to the stationary phase. Because the observed gene expression profiles in stationary phase matched those resulting from carbon starvation, SirE appears to control this metabolic transition via a mechanism associated with the starvation response.
Histone deacetylase (HDAC) 2 deacetylates distinct Lys residues of histones, leading to heterochromatin formation that silences gene expression. Silent information regulator 2 protein (sirtuin) is a Class III HDAC that requires NAD ϩ for deacetylation (1, 2) , and it is involved in various cellular processes such as metabolism, energy conservation, development, stress responses, and genome integrity (3) . Sirtuins are further categorized into Classes I-IV according to their amino acid sequences (4) . Class I sirtuins comprise subgroups Ia, Ib, and Ic. Class Ia contains mammalian SIRT1 as well as Saccharomyces cerevisiae Sir2p and Hst1p that deacetylate acetylated histones H3 and H4 (1, 5) . SIRT1 is the best characterized, and it also deacetylates non-histone substrates (6) . Both mammalian SIRT2 and SIRT3 have been categorized into Class Ib. SIRT2 deacetylates histone H4 as well as cytosolic ␣-tubulin. S. cerevisiae Hst2p is a cytosolic isoform of this class that deacetylates histone H4 in vitro (2) . Class Ic sirtuin is distributed among known fungi, and it involves S. cerevisiae nuclear Hst3p and mitochondrial Hst4p (4) . Class II and III sirtuins have other functions besides protein deacetylation. For example, the Class II sirtuin SIRT4 transfers ADP-ribose to glutamate dehydrogenase, and the Class III mitochondrial SIRT5 catalyzes desuccinylation and demalonylation in addition to deacetylation (7, 8) .
The genomes of filamentous ascomycete fungi predict genes for Class I-III sirtuins whereas evolutionally related S. cerevisiae produces only the Class I sirtuins Sir2p, Hst1p, Hst2p, Hst3p, and Hst4p (4) . Aspergillus nidulans SirA is a Class Ia sirtuin that deacetylates the acetylated lysine residue 16 on histone H4 (H4K16ac) and regulates the expression of genes that synthesize the secondary metabolites penicillin and sterigmatocystin (9) , whereas its Magnaporthe oryzae counterpart deacetylates non-histone substrates to control plant pathogenicity (10) . The A. nidulans HstA is a Class II sirtuin that has presumed histone deacetylase activity and represses the expression of genes involved in the production of penicillin and norsolorinic acid (11) . Aspergillus oryzae AoHstD is a Class Ic sirtuin that is associated with the production of conidia and secondary metabolites (12) and stress tolerance (13) . The functions of filamentous fungal sirtuins are thus versatile, although the roles that they play in regulating primary metabolism are limited. The Class Ic sirtuin of A. nidulans (AN1226; SirE) is presumed (9) , and its function remains unknown.
Fungal cells that exhaust nutrients exit the primary or exponential growth phase, enter a stationary phase, and cease proliferation. Entry into the stationary phase accompanies the production of secondary metabolites, some of which serve as pharmaceuticals, whereas others are life-threatening mycotoxins, and the development of sexual spores and conidia. The fungal mechanism of transcriptional regulation involves specific transcription factors for producing secondary metabolites and conidia (14, 15) . Autolysis is another stationary-phase event during which the fungus self-digests vegetative cells. Such self-destruction accompanies the production of extracellular ␤-1,3-glucanase EngB, chitinase B (ChiB), and N-acetyl-D-glucosaminidase NagA, which degrade cell wall glucan and chitin to result in cell lysis (16 -18) . These stationary-phase events are presumably associated with the fungal response to nutrient limitation. Although this mechanism is not fully understood, the transcription repressor CreA of A. nidulans responds to exogenous glucose and regulates gene expression of the secondary metabolite and conidial production (19 -21) . Regardless of extensive research into the expression of stationaryphase genes, how glucose/nutrient limitation regulates gene expression of the primary-phase mechanisms is not fully understood. Furthermore, little is known about the transcription regulation that determines the transition between the primary growth and stationary phases, especially that mediated by sirtuins.
The present study clarified the role of the Class Ic sirtuin SirE of A. nidulans that deacetylates acetylated Lys residues 9, 18, and 56 of histone H3 (H3K9ac, H3K18ac, and H3K56ac) during the stationary growth phase. Transcriptomic, genetic, and physiological analyses revealed that SirE up-regulates the gene expression of molecules involved in autolysis, conidial development, and biosynthesis of sterigmatocystin during the stationary growth phase of cultured A. nidulans. The transcriptome indicated that SirE represses gene expression in primary metabolic processes such as glycolysis, the tricarboxylic acid (TCA) cycle, and nitrate assimilation. Along with these mechanisms, SirE repressed the expression of the glycolytic gpdA and pfkA genes and of agsB that encodes ␣-1,3-glucan synthase for normal cell wall synthesis by decreasing levels of the histone H3 acetylation on the gene promoters. Our findings suggest that SirE is the missing coordinator of the global primary and secondary metabolic mechanisms that function during the transition from the exponential growth phase to the stationary phase.
Results

Fungal sirtuin E is an NAD
؉ -dependent histone deacetylase Phylogenetic analysis identified four predicted A. nidulans proteins (gene identities (IDs) ANID_07461, ANID_01782, ANID_11873, and ANID_01226) that belong to the same clade as SirA and HstA, both of which are Class III HDACs of this fungus (9, 11) . A conserved sirtuin homology domain of ϳ275 residues comprising NAD ϩ -binding sites and a zinc finger motif (22, 23) characterized these proteins (Fig. 1A and supplemental Fig. S1 ). His-Gly residues that are found in all eukaryotic and prokaryotic sirtuins (24) were located at the middle of these predicted proteins. These results indicated that these are fungal sirtuin proteins, and they were designated SirB, SirC, SirD, and SirE, respectively. The amino acid sequences of all sirtuins except SirB contained motifs for nuclear localization signals (NLSs) (supplemental Fig. S1B ). The pat4-, pat7-, and bipartitetype NLS motifs were predicted in the amino acid sequence of SirA, whereas the pat4-and pat7-type NLS motifs were found in those of SirC and SirD, respectively. SirE encoded two pat4-and six pat7-type NLS motifs. These findings predicted the nuclear localization of these sirtuins. We generated A. nidulans strains producing fusion proteins between green fluorescent protein (GFP) and SirE under the control of the constitutive gpdA gene promoter, and microscopy indicated that fluorescence emitted by the SirE-GFP protein co-localized with nuclei that were stained with 4Ј,6-diamidino-2-phenylindole dihydrochloride (DAPI) (Fig. 1B) . This finding indicated that SirE functions in nuclei. A similar investigation of SirA-GFP generated essentially the same results, consistent with its function as a nuclear HDAC (9) . This study focused on SirE in the Class Ic sirtuin family.
Sirtuin E deacetylates acetylated histone H3 at the stationary growth phase
Time-dependent changes in sirE transcripts were investigated in fungal cells cultured in liquid medium. Quantitative PCR indicated that the cells accumulated 3.3-fold more sirE transcripts during the stationary (48 h) than the exponential (24 h) growth phase (Fig. 1C) . Western blotting indicated that the fungus accumulated only 40, 50, and 30% H3K9ac, H3K18ac, and H3K56ac, respectively, during the stationary growth phase compared with the exponential growth phase (Fig. 1D) . Signals for H4K16ac did not decrease during the stationary growth phase. These findings were consistent with the notion that sirE encodes an HDAC that deacetylates H3K9ac, H3K18ac, and H3K56ac during the stationary growth phase.
We replaced the chromosomal sirE region of the A26 strain with a fused DNA fragment comprising the 5Ј-and 3Ј-regions of the sirE and the argB (transformation marker) genes using homologous recombination, and Southern blot analysis confirmed that chromosomes of one strain lacked intact sirE (supplemental Fig. S2 ). That strain, namely SirE⌬, was cultured in liquid minimal medium to the stationary growth phase, and then the acetylation of nuclear histones was analyzed. Western blots of SirE⌬ nuclear extracts exhibited signals for H3K9ac, H3K18ac, and H3K56ac of histone H3 that were 2-4-fold more intense than those of the WT strain (Fig. 1D) . Acetylation levels of H4 Lys-16 ( Fig. 1D) did not differ between the strains, indicating that sirE deacetylates H3K9ac, H3K18ac, and H3K56ac. The preference for H3K9ac and H3K18ac was similar to that of human SIRT6 and SIRT7, and the preference for H3K56ac was similar to that of human SIRT6 and yeast Hst3p and Hst4p, respectively (25) (26) (27) , both of which belong to the same clade as SirE in the phylogenetic tree (supplemental Fig. S1A ) (12) . When analyzing exponentially growing cells, a lack of sirE did not increase signals for H3K9ac and H3K18ac but did increase signal for H3K56ac by 1.8-fold (Fig. 1D) . These results indicated that SirE deacetylates H3K9ac and H3K18ac during the stationary growth phase and H3K56ac during both the stationary and the exponential growth phases.
SirE up-regulates fungal autolysis
The weight of WT cells cultured in liquid medium gradually decreased after entry into the stationary growth phase, whereas that of SirE⌬ decreased to a lesser extent ( Fig. 2A) . Larger mycelial pellets were generated by SirE⌬ than by WT, and these remained larger for up to 144 h (Fig. 2, B and C) . The culture medium of WT became more turbid than that of SirE⌬ over the 144-h incubation (Fig. 2D ). This indicates that WT dispersed more intracellular ingredients due to cell lysis. Viable cells were quantified by measuring the cellular reducing activity of alamarBlue (AB) (28) . Exponentially growing WT and SirE⌬ cells reduced AB to red pigments (Fig. 2C) , indicating that the strains were viable. After 96-h culture, the WT and SirE⌬ reduced 61 and 18% of the AB, and finally (ϳ144 h), Ͼ70% of the cells of both the strains lost viability (Fig. 2E) . These results indicated that SirE prevents prolonged cell viability during the stationary growth phase. The decreased dry cell mass, disorganized pellet morphology, and reduced numbers of viable cells are characteristic of autolyzed mycelia (29) . The activities of autolytic chitinase, ␤-1,3-endoglucanase and N-acetyl-␤-D-glucosaminidase were increased during the stationary growth phase but to a lesser extent by SirE⌬ than by the WT (Fig. 3, A-C) . Fewer transcripts of their encoding chiB, engA, and nagA genes were accumulated during the stationary growth phase by SirE⌬ than the WT (Fig. 3D) . These results indicated that SirE is required for the normal expression of autolytic genes and hence for the autolysis of stationary phase cells.
SirE up-regulates conidial development
Macroscopic observation of fungal colonies on solid medium indicated that SirE⌬ generated green colonies that exhibit less intense color than the WT, which microscopy showed was due to SirE⌬ producing fewer conidiophores (Fig. 4A) . Time-dependent changes in the numbers of conidia indicated that SirE⌬ formed fewer conidia than the WT (Fig. 4B) . The weight of SirE⌬ and WT cells was the same (Fig. 4C) , indicating that the difference was not due to a change in cell growth caused by a sirE deficiency. The expression of brlA, which is an essential transcription factor for initiating conidiophore development, was down-regulated in SirE⌬ after 36 h in solid culture (Fig.  4D ). Transcriptome analysis (see below) indicated that yA and wetA, the expression of which is induced by BrlA, were also down-regulated in SirE⌬ (Table 1) . These results showed that SirE induces conidiophore development during the stationary phase. 
SirE up-regulates extracellular hydrolase and sterigmatocystin production
The total RNA of WT and SirE⌬ cultured to the stationary growth phase was analyzed by high-throughput sequencing to identify genes that are regulated under the control of SirE. The total number of sequenced nucleotides covered 12-fold that of the A. nidulans genome, and 61-68% of the total reads were mapped to reference genes (supplemental Tables S2 and S3 ). Transcript profiles of WT and SirE were compared based on the numbers of fragments per kilobase in the exon region per million mapped reads. Among 9,000 genes (supplemental Table  S4 ) comprising 82% of the total fungal genes, 701 and 748 were differentially expressed more or less than 2-fold, respectively (probability Ն 0.8). Supplemental Table S5 shows 381 genes that were Ն8-fold down-regulated in SirE⌬. Gene ontology analysis indicated that a significant numbers of genes in the category of "biological process" were assigned to terms related to secondary metabolism (p Ͻ 1 ϫ 10 Ϫ6 ), which includes metabolic and biosynthetic processes of secondary metabolites, toxins, and sterigmatocystin (supplemental Table S6 ). This was consistent with the accumulation of sterigmatocystin in mycelia from the WT but not SirE⌬ (Fig. 4E ) and indicated that SirE up-regulates the biosynthesis of sterigmatocystin. Terms for conidiophore development included "asexual spore wall assembly" (p ϭ 0.01) and "melanin biosynthetic process" (p ϭ 6 ϫ 10 Ϫ4 ), which agree with the role of SirE in conidiophore development described above. The most abundant terms in the category of "molecular function" included "oxidoreductase activity," "carboxylic ester hydrolase activity," "heme binding," and "tetrapyrrole binding" (p Ͻ 0.01 each).
In the category of "cellular component," an abundant term was "extracellular region" (p ϭ 6 ϫ 10 Ϫ8 ) (supplemental Table  S6 ). This category contains (predicted) genes for polysaccharide degradation. The expression profiles of 100 genes for polysaccharide-utilizing enzymes listed by Saykhedkar et al. (30) were reanalyzed (supplemental Table S7 ). The results indicated that 20 of them were down-regulated Ն2-fold (Table 1) and that the genes for extracellular hydrolases were significantly down-regulated (p ϭ 4 ϫ 10 Ϫ6 ) in SirE⌬. That the WT strain initiated the production of ␤-cellobiase, ␤-glucosidase, ␤-mannosidase, and ␤-galactosidase in 48-h cultures and continued to accumulate more, whereas those of SirE⌬ generated less (supplemental Fig. S3 ), is consistent with the transcriptomes, which showed that SirE⌬ accumulated fewer transcripts of the genes for ␤-glucosidase (bglL and bglA), ␣-1,2-mannosidase (mns1B), and ␤-galactosidase (lacF). SirE⌬ produced less ␣-glucosidase and ␤-xylosidase activities than the WT (supplemental Fig. S3 ), whereas none of their encoding genes were altered, suggesting that WT expresses unannotated genes encoding these enzymes. Transcriptome analysis showed the cell wall-degrading hydrolases chiB, engA, and nagA (Table 1) , which confirmed that SirE functions in up-regulating autolysis (Fig. 3) .
Another transcriptome analysis found that the WT fungus produced more transcripts of genes for these polysaccharide hydrolases and autolytic enzyme genes during the stationary (48 h) than the exponential (24 h) growth phases (Table 1) . These results indicated that SirE induces the expression of stationary-phase genes encoding extracellular hydrolases in addition to those for autolysis and conidiophore development. Sirtuin at transition of exponential to stationary growth Sirtuin E represses fungal primary metabolism during the stationary growth phase A transcriptomic comparison of WT and SirE⌬ during the stationary growth phase revealed that SirE⌬ up-regulated 300 genes Ն8-fold compared with the WT (supplemental Table S8 ). Their gene ontology (GO) was related to processes for organic acid metabolism and biosynthesis and for oxidoreductases with p Ͻ 0.01 (supplemental Table S6 ). These processes are related to fungal primary carbon metabolism; therefore, we selected the genes for the glycolytic and pentose phosphate pathways as well as the TCA cycle of this fungus. Fig. 5 , A-C, show the expression of these genes as heat maps. Genes that were Ն2-fold up-regulated (supplemental Table S9 ) were significantly enriched in these gene sets (p Ͻ 0.01 each), indicating that these carbon metabolic processes were up-regulated in SirE⌬. We also found "nitrite transmembrane transporter activity" (p ϭ 0.004) and "nitrite uptake transmembrane transporter activity" (p ϭ 0.004) (supplemental Table S6 ). These terms were attached to genes for nitrate reductase (niaD), nitrite reductase (niiA), and nitrate transporters (nrtB, crnA, and nitA), which are used to assimilate nitrate as a nitrogen source (Fig. 5D) . The transcriptome was also specifically enriched in the GO term "cell periphery" (p ϭ 0.009) among the up-regulated genes of SirE⌬ (supplemental Table S6 ). This term includes genes for synthesizing the cell wall, which is an essential mechanism of exponentially growing cells to shape normal mycelia. We found that SirE significantly down-regulated the 37 genes for cell-wall synthesis (Fig. 5E ) described by de Groot et al. (31) (p ϭ 0.008). Supplemental Table S9 lists those that were up-regulated in SirE⌬, among which genes for the major ␣-1,3-glucan synthase agsB, chitin synthase chsF, SUN family (for SIM1, UTH1, NCA3) proteins related to ␤-1,3-glucanases sunA and sunB, transglycosylase crhB, and ␤-1,3-transglycosylase gelE were up-regulated Ͼ4-fold.
Growth phase-dependent changes in the transcriptome revealed by the DNA microarray analysis were compared with transcriptomic changes caused by sirE gene disruption (Fig. 5 and supplemental Table S9 ). The results indicated that signifi- cantly fewer transcripts of the genes described above for carbon and nitrogen utilization (which SirE down-regulated at stationary growth phase) were accumulated during the stationary than the exponential growth phase in the WT (p Ͻ 0.001). Most of the genes associated with the cell wall that were down-regulated by SirE were down-regulated during the stationary growth phase in the WT (Fig. 5 ). These findings indicated that A. nidulans SirE repressed these primary metabolic mechanisms at the level of transcription during the stationary growth phase.
SirE deacetylates acetylated histone H3 to regulate primary metabolic genes
We selected pfkA and gpdA encoding 6-phosphofructokinase and glyceraldehyde-3-phosphate dehydrogenase, respectively, among the key glycolytic genes and agsB for cell-wall synthesis and investigated the SirE-dependent regulation of acetylhistones on the gene promoters. Chromatin immunoprecipitation (ChIP) using anti-GFP antibody and the SirE-GFPproducing strain (Fig. 1B ) detected significant amounts of SirE-GFP binding to the promoters of the three genes but not to the coding region of pkiA (encoding pyruvate kinase; selected as the negative control; Fig. 6A ). These findings indicated that SirE interacts with these primary metabolic genes promoters. Acetylation levels of histones on the gene promoters were measured by ChIP using anti-acetylhistone H3 antibodies. During the exponential growth phase (24 h), SirE⌬ accumulated similarly high levels of H3K9ac on the pfkA promoter as the WT. Both strains accumulated normal amounts of pfkA transcripts, indicating that the acetylation level is sufficient for the gene promoter to be fully active. Upon entry into the stationary growth phase (48 h), both strains decreased the amount of H3K9ac on the gene promoter, whereas SirE⌬ generated twice the amount of H3K9ac than the WT. These findings correlated with the amount of the pfkA transcript in SirE⌬ being 2.6-fold higher than that in the WT (Fig. 6B) and are in agreement with the notion that SirE deacetylates H3K9ac to repress pfkA expression during the stationary growth phase. The H3K9ac levels on the gene promoters and transcripts of gpdA and agsB were also under the control of SirE (Fig. 6, C and D) . These results indicated that SirE deacetylates H3K9ac to repress these primary metabolic genes during the stationary growth phase. By contrast, the levels of H3K56ac (Fig. 6 ) and of H3K18ac (supplemental Fig. S4 ) did not significantly correlate with the transcription of these genes, and the role of SirE in the acetylation of these residues remains obscure. Taken together, our results support the notion that SirE is a global repressor of primary metabolic processes in A. nidulans as it enters the stationary phase.
Stationary phase regulation by SirE correlates with carbon starvation response
This study found that SirE targets and up-regulates the genes for autolysis, conidial development, and extracellular hydrolases and down-regulates those for primary carbon, nitrogen, and cell-wall metabolism. These are growth-phase dependent mechanisms among which some are reportedly regulated by carbon starvation. We compared the transcriptomes of the SirE-dependent genes with those of genes responding to carbon starvation (32) . Venn diagrams showed that among 701 genes that were down-regulated by SirE, 490 and 311 were repressed during the stationary phase and by carbon starvation, respectively (Fig. 7A) . This overlap included large populations of the primary metabolic genes described above and significant populations of the 215 genes involved in the glycolytic pathway, TCA cycle, pentose phosphate pathway, nitrate assimilation, and cell wall synthesis were shared by all three transcriptomes (Fig. 5 and supplemental Table S9 ). These results indicated that SirE-dependent repression during the stationary growth phase correlates with carbon starvation.
Among the 748 genes up-regulated by SirE, 452 and 376 of them overlapped with those that were up-regulated during the stationary phase and by carbon starvation, respectively (Fig.  7B) . Among these overlapping genes, 279 were common to the three transcriptomes and included the genes for fungal autolysis, conidiophore development, and carbon-assimilating hydrolases (Table 1 ). These findings imply that SirE-dependent transcription induction also correlates with the response to carbon starvation. The results of the comparison indicated that 30% of the up-or down-regulated genes were common between carbon starvation and the stationary phase (Fig. 7, A and B) , which agrees with the general view that carbon starvation is a key environmental factor that causes the fungus to enter the stationary growth phase. Taken together, these results imply that SirE links gene regulation mechanisms during the stationary phase and during nutrient-poor conditions.
Discussion
This study identified the novel fungal sirtuin isozyme SirE. This isozyme functionally correlated with the nutrient (carbon) starvation associated with the stationary growth phase and repressed the global primary metabolism (Fig. 7C) . Yeast and mammalian sirtuins typically respond to nutrient limitation by maintaining metabolic homeostasis. For example, S. cerevisiae sirtuins repress the expression of genes for glycolysis and cellwall biosynthesis like A. nidulans (33) . This indicates that these organisms produce sirtuins with common functions and the capacity to adapt to nutrient-poor conditions. We also found that SirE decreased the global acetylation of chromosomal histone (Fig. 1D) and of the more specific pfkA, gpdA, and agsB gene promoters (Fig. 6, B-D) under nutrient-poor conditions. That the S. cerevisiae sirtuins regulate chromatin structure and silence the genes for central metabolic pathways (33) suggests that the primary regulation of metabolism driven by histone deacetylation among fungi is evolutionarily conserved. This present finding indicated that another function of sirtuin is the regulation of A. nidulans events during the stationary growth phase that mammals and yeasts lack, namely autolysis, conidial development, sterigmatocystin production, and extracellular hydrolase production. Although known A. nidulans sirtuins regulate the production of secondary metabolites and conidia (9, 11) , none of them regulates primary metabolism. No specific fungal transcription factor for synthesizing secondary metabolites regulates primary metabolism. Thus, to date, a fungal transcription regulator that participates in both types of metabolism has not been identified. Our results indicated that SirE is the missing coordinator of global primary and stationary types of metabolism that function during the transition from primary-to stationary-phase gene expression.
Typical sirtuins deacetylate acetylated histones and silence gene expression, which cannot account for the ability of SirE to induce the mechanisms of gene expression during stationary phase metabolism. The general mechanism of the sirtuin induction of gene expression remains obscure, but we speculate that nuclear SirE down-regulates transcription repressors and indirectly derepresses the expression of stationary-phase genes. The close correlations between the genes induced by SirE and those induced by carbon starvation implied that the functions of such repressors are associated with carbon and energy metabolism in the fungus. The A. nidulans candidate for such repressors is CreA that represses the transcription of genes for utilizing alternative carbon sources to glucose (21) and for the extracellular hydrolases. In addition, although direct interaction with carbon starvation has not been established, transcription factors that repressed conidial formation and sterigmatocystin synthesis were identified (14, 15) . SirE might down-regulate these transcription repressors at the level of transcription through the deacetylation of nucleosomal histones on their encoding genes. Although these speculations must await further investigation, this is unlikely for CreA because the findings of our transcriptome analyses suggested that the amount of creA transcripts was not increased in SirE⌬ compared with the WT.
We consistently found that A. nidulans is faced with nutrient-poor conditions during the stationary phase that affect cytosolic NADH and NAD ϩ levels (9), and NAD ϩ is an indicator of cellular energy status and stimulates mammalian and yeast sirtuins. The A. nidulans Nudix hydrolase A, which is an intrinsic hydrolase of cellular NAD ϩ , counteracts the effect to maintain constant cellular NAD ϩ levels during the stationary growth phase (9) . This implies that the amount of NAD ϩ must remain constant for SirE to regulate gene expression during the stationary phase. Rather, the transcription activation of sirE (Fig. 1C) is likely to be key for SirE to regulate gene expression during the stationary growth phase. Although little is known about A. nidulans and even S. cerevisiae transcription factors that induce sirtuin gene expression, members of the Forkhead box O (FOXO) family of transcription factors modulate the amount of mammalian SIRT1 expression in response to nutrient-poor conditions (34) . This family of proteins is distributed across phyla, and the A. nidulans genome encodes at least four proteins with the Forkhead domain motif (AN4521/fhpA, AN8858/mcnB, AN2845, and AN4985) that could be the targets of an investigation of gene expression during the stationary phase and the roles of fungal sirtuin.
Eukaryotes utilize several sirtuin isozymes to deacetylate different histone substrates, and our finding of A. nidulans SirE enabled comparisons of sirtuin substrates. Class Ic sirtuins are unique to fungi among which only S. cerevisiae Hst3p and Hst4p have been proven to deacetylate H3K56ac and are involved in DNA damage signaling (27) . The present study found that A. nidulans SirE of the same Ic class deacetylates H3K56ac, indicating that the physiological substrates of the class Ic sirtuins are conserved between these fungi. Whether the deacetylating role of H3K9ac and H3K18ac is also shared between them will be clarified by a study of the effects of S. cerevisiae sirtuins on these residues. The Class Ia sirtuin of A. nidulans (SirA) uses H4 Lys-16 like mammalian SIRT1 and S. cerevisiae Sir2p (9) in agreement with the substrate specificity of canonical Class Ia sirtuins conserved beyond phyla. However, SirA does not use H3 Lys-9 as a substrate (9) unlike mammalian and yeast SIRT1 and Sir2p that use H3K9ac. Because both H4K16ac and H3K9ac are believed to be common modifications in eukaryotes and because A. nidulans regulates the acetylation of H3 Lys-9, SirE could compensate for the absence of H3 Lys-9 deacetylation activity in SirA.
Microorganisms integrate complicated metabolic mechanisms during both the exponential and stationary growth phases, and the transition between the phases imposes a challenge because cellular metabolic mechanisms must be redirected from primary to very different secondary types. Histone modification in general can regulate both global and specific gene sets and can direct the genome-wide transcription changes required during the growth-phase transition. SirE is recognized as being the first transcription regulator that controls the temporal expression of both primary and secondary types of metabolic mechanisms. The present findings provide the basis for future detailed understanding of the function of SirE and could contribute to the production of organic acids and novel pharmaceuticals via two metabolic mechanisms.
Experimental procedures
Strains, cultures, and media
Conidia from A. nidulans A26 (biA1), A89 (biA1, argB2) (Fungal Genetic Stock center, University of Missouri), and ABPUN (biA1, argB2; pyrG89; yA2; pyroA4) (35) were rotary shaken (20 rpm) at 30°C in 500-ml flasks containing 200 ml of glucose minimal medium (GMM) containing 1% glucose as a carbon source (36) ) were added to the culture medium for auxotrophic mutants.
Gene disruption of sirE
Three mutually primed DNA fragments of the 5Ј-and 3Ј-untranslated regions of the sirE genes and the argB gene were amplified by PCR using genomic DNA of A. nidulans A26 and Prime STAR HS DNA polymerase (Takara, Kyoto, Japan). The second PCR included these fragments and KOD Plus DNA polymerase (Toyobo, Tokyo, Japan), and a DNA cassette was generated for gene disruption. Supplemental Table S1 shows the primers used in this study. After purification using UltraClean 15 DNA purification kits (MO BIO Laboratories, Carlsbad, CA), the cassette was introduced into A. nidulans A89 as described (36) , and total DNA in transformants was analyzed by Southern blotting. Gene disruptants were selected, and one strain was designated SirE⌬.
Fluorescence microscopy
Three mutually primed DNA fragments of the gpdA promoter, the sirE or sirA gene, and the egfp gene were amplified by PCR using the primers shown in supplemental Table S1 to construct plasmid pSirE-gfp and pSirA-gfp and produce SirE-or SirA-GFP fusion protein. The cassette was purified, digested with XbaI and SacII or NotI, and cloned into the same restriction sites of pBSpyrG (36) containing the pyrG gene. Plasmids pSirE-gfp and pSirA-gfp were introduced into meiotic progenies of ABPUN and either SirE⌬ or the sirA gene disruptant (9) . The designated strains were named SirE-GFP and SirA-GFP. Conidia of the WT and these strains were incubated on glass coverslips in GMM at 25°C for 24 h, stained with DAPI (Wako), and then analyzed using an Axio Observer Z1 microscope (Carl Zeiss, Jena, Germany) with a 38HE filter set (excitation, BP470/ 40; emission, BP525/50) for GFP and a 49 filter set (excitation, G365; emission, BP445/50) for DAPI. ZEN 2.1 (Carl Zeiss) was used for image processing and analysis.
Quantitative PCR
Total RNA was extracted from A. nidulans strains cultured in liquid GMM for 24 and 48 h or on solid GMM for 24, 30, and 36 h using the RNeasy plant mini kit (Qiagen, Hilden, Germany). Single-strand cDNA was synthesized using PrimeScript TM reverse transcriptase (Takara), and then quantitative real-time PCR proceeded as described (37) . Supplemental Table S1 shows the gene-specific primers. The amounts of transcripts were normalized against those of actA encoding actin and are shown as relative values.
Western blotting
Nuclear fractions prepared from A. nidulans strains after culture in GMM for 24 and 48 h (38) were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) using a stacking gel as described by Laemmli (39) and a 15% acrylamide separating gel, blotted onto nitrocellulose membranes, and incubated with anti-histone H3 (acetyl-Lys-9), anti-histone H3 (acetyl-Lys-18), anti-histone H3 (acetylLys-56), anti-histone H3, anti-histone H4 antibodies ab10812, ab1191, ab76307, ab1791, and ab1015 (Abcam, Cambridge, UK) and anti-acetylhistone H4 (Lys-16) antibody 07-329 (Millipore, Billerica, MA) in TBS (25 mM Tris-HCl (pH 8.0), 140 mM NaCl, 3 mM KCl) containing 0.1% Tween 20 at a 1:1,000 dilution for 2 h. After three washes with TBS buffer, blots were incubated with a goat anti-rabbit IgG conjugated with horseradish peroxidase (Pierce) at a 1:20,000 dilution. Chemiluminescence was detected and quantified using the ECL detection system (GE Healthcare) and ImageQuant LAS4000 Mini (GE Healthcare).
Determination of mycelial mass, glucose, and autolysis
Mycelial dry weight was determined after liquid culture as described (17) and after growth on cellophane membranes covering solid GMM. Glucose in liquid culture filtrates or melted agar was determined using Glucose CII test kits (Wako). Culture supernatants were separated by centrifugation at 10,000 ؋ g for 5 min, and then the optical density was spectroscopically determined in the supernatant by measuring absorbance at 600 nm. Fungal cell viability was determined using the AB cell viability reagent (Invitrogen). Fungal cultures (0.5 ml) and fresh GMM (1 ml) were mixed with the AB reagent (10% final concentration) in 24-well plates and incubated at 37°C for 4 h in the dark, and then the absorbance of supernatants was analyzed at 570 and 600 nm. The ratio (%) of the reduction in AB was calculated as described (28) .
Extracellular enzyme assays
Enzyme activity was measured in fungal culture supernatants obtained by centrifugation at 10,000 ؋ g for 5 min. Chitinase activity was determined by liberating reducing sugars from colloidal chitin as described (40) , and ␤-1,3-glucanase activity was assayed by modifying the published method (41) as follows. Culture supernatants (62.5 l) and 10% laminarin (62.5 l) were incubated at 37°C for 16 h. Dinitrosalicylic acid reagent (375 l) was added, the mixture was boiled for 5 min, and then precipitates were removed by centrifugation. The resulting solution was diluted, and absorption was determined at 535 nm. One unit was defined as the amount of chitinase and glucanase required to produce 1 mol of N-acetylglucosamine and glucose/min, respectively. Other hydrolytic enzyme activities were measured in 25 mM sodium acetate (pH 6.0) at 37°C. After enzyme reactions, the amounts of p-nitrophenol liberated from the 2 mM substrates p-nitrophenyl-␣-D-glucopyrano- 
RNA sequencing
A. nidulans A26 and SirE⌬ were cultured in 200 ml of GMM at 30°C for 48 h, harvested by filtration, immediately frozen in liquid nitrogen, and powdered to prepare total RNA using RNeasy plant mini kits. Complementary DNA libraries were prepared from the total RNA, and nucleotides (ϳ1 Gb) were sequenced using a HiSeq4000 (Illumina, San Diego, CA) with a sequencing configuration for 50-bp single reads. Nucleotide sequences with Phred scores (Q) Ͻ20 and adapters were removed, and raw reads were filtered into clean reads and aligned to the reference A. nidulans FGSC A4 genomic DNA sequence (NCBI BioProject PRJNA13961) using BurrowsWheeler Aligner (BWA) (42) . Clean reads were mapped to the reference genes using Bowtie 2 (43) . Gene expression was quantified using the RSEM software package (44) . Significantly upregulated or down-regulated genes (fold change Ն3) were detected using mean values of fragments per kilobase of exon per million mapped fragments and by calculating data from biological duplicates (probability Ն 0.8). The RNA sequencing data are available under the NCBI BioProject (PRJNA337983) in GenBank TM . GO was analyzed using GO Term Finder published in AspGD (45) . The genes were clustered to specific metabolic pathways in the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway database (46) .
DNA microarray analysis
A. nidulans strain A26 was cultured in 200 ml of GMM at 30°C for 24 and 48 h, and then total RNA was purified as described above. Transcriptomes were analyzed using a customized A. nidulans GeneChip as described (47) . The signal log 2 ratio between the data for the 24-and 48-h cultures was normalized by subtracting the difference between medians of data sets. Data have been published in the Gene Expression Omnibus (GEO) under accession number GSE85319.
Determination of sterigmatocystin
After culturing A. nidulans strains in GMM at 30°C for 48 h, mycelia were collected by filtration and lyophilized. Ethyl acetate extracts were obtained from 10-mg samples overnight, dried in vacuo, and suspended in 200 l of methanol for highperformance liquid chromatography (HPLC) separation using a 1200 Infinity Series instrument (Agilent Technologies, Palo Alto, CA) equipped with a 250 ϫ 4.6-mm Purospher Star RP-18 end-capped column with a particle size of 5 m (Millipore). The solvent gradient comprising acetonitrile (solvent B) in 0.05% ammonium formate, water (pH 4.0; solvent A) was as follows: 40% B from 0 to 5 min, 40 -80% B from 5 to 10 min, held at 80% B from 10 to 15 min, 80 -100% B from 15 to 25 min, held at 100% B from 25 to 27 min, 100 -60% B from 27 to 29 min, and held at 60% B from 29 to 35 min. The flow rate was 0.8 ml min Ϫ1 , and absorption at 254 nm was monitored. The temperature of the column oven was 40°C.
Chromatin immunoprecipitation
ChIP proceeded as described (48) by means of the antibodies (2 g ml Ϫ1 ) that were used for Western blotting and 1 g ml
Ϫ1
anti-GFP antibody (catalogue number 3999-100, BioVision, Milpitas, CA). The QIAquick PCR purification kit (Qiagen) was used to purify DNA, which was then analyzed by quantitative real-time PCR as described above with gene-specific primers (supplemental Table S1 ). Relative amounts of DNA were calculated by dividing the amount of immunoprecipitated DNA by that of the input DNA.
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